Severe myopia (defined as spherical equivalent < 26.0 D) is a predominant problem in Asian countries, resulting in substantial morbidity. We performed a meta-analysis of four genome-wide association studies (GWAS), all of East Asian descent totaling 1603 cases and 3427 controls. Two single nucleotide polymorphisms (SNPs) (rs13382811 from ZFHX1B [encoding for ZEB2] and rs6469937 from SNTB1) showed highly suggestive evidence of association with disease (P < 1 3 10 27 ) and were brought forward for replication analysis in a further 1241 severe myopia cases and 3559 controls from a further three independent sample collections. Significant evidence of replication was observed, and both SNP markers surpassed the formal threshold for genome-wide significance upon meta-analysis of both discovery and replication stages (P 5 5.79 3 10 210 , per-allele odds ratio (OR) 5 1.26 for rs13382811 and P 5 2.01 3 10 29 , per-allele OR 5 0.79 for rs6469937). The observation at SNTB1 is confirmatory of a very recent GWAS on severe myopia. Both genes were expressed in the human retina, sclera, as well as the retinal pigmented epithelium. In an experimental mouse model for myopia, we observed significant alterations to gene and protein expression in the retina and sclera of the unilateral induced myopic eyes for Zfhx1b and Sntb1. These new data advance our understanding of the molecular pathogenesis of severe myopia. †
Severe myopia (defined as spherical equivalent < 26.0 D) is a predominant problem in Asian countries, resulting in substantial morbidity. We performed a meta-analysis of four genome-wide association studies (GWAS), all of East Asian descent totaling 1603 cases and 3427 controls. Two single nucleotide polymorphisms (SNPs) (rs13382811 from ZFHX1B [encoding for ZEB2] and rs6469937 from SNTB1) showed highly suggestive evidence of association with disease (P < 1 3 10 27 ) and were brought forward for replication analysis in a further 1241 severe myopia cases and 3559 controls from a further three independent sample collections. Significant evidence of replication was observed, and both SNP markers surpassed the formal threshold for genome-wide significance upon meta-analysis of both discovery and replication stages (P 5 5.79 3 10 210 , per-allele odds ratio (OR) 5 1.26 for rs13382811 and P 5 2.01 3 10 29 , per-allele OR 5 0.79 for rs6469937). The observation at SNTB1 is confirmatory of a very recent GWAS on severe myopia. Both genes were expressed in the human retina, sclera, as well as the retinal pigmented epithelium. In an experimental mouse model for myopia, we observed significant alterations to gene and protein expression in the retina and sclera of the unilateral induced myopic eyes for Zfhx1b and Sntb1. These new data advance our understanding of the molecular pathogenesis of severe myopia.
INTRODUCTION
Myopia is a world-wide eye disability, suspected to be due to both genetic and environmental influences. The hereditable elements responsible for predisposition to myopia are difficult to identify and dissect due to substantial confounding by environmental factors. This is particularly complicated in studies of common myopia, typically defined as spherical equivalent (SE) of ,20.5 D, in which the robust identification of genetic determinants requires the deployment of very large sample sizes (1-3).
Natural variation in ocular biometric quantitative traits has been shown to be significantly influenced by a large number of genetic sequence variants, each conferring modest effect sizes (4-7). Thus far, three genome-wide association studies (GWAS) on SE quantitative trait have been performed on ever larger sample sizes, revealing very strong evidence of association between multiple single nucleotide polymorphism (SNP) markers and inter-individual SE variation (8 -11) . Notably, the effect sizes for all of these identified loci are modest, suggesting a multi-factorial etiology and possible presence of unmeasured environmental confounding, in keeping with other common diseases (12) . To a more limited extent, GWAS on severe myopia (defined as SE , 26.0 D in either eye) has also been performed (13) (14) (15) (16) , and robustly associating genetic loci surpassing the formal threshold for genome-wide significance (P , 5 × 10
28
) are now beginning to emerge (15, 16) .
Severe myopia is more common in East Asians than whites, affecting up to 10% of the population aged 40 years and older, and can be associated with vision loss due to myopic macular degeneration, glaucoma and retinal detachment. To date, successful GWAS of severe myopia have been conducted in individuals of Chinese descent from China (15, 16) , the most recent of which involved 665 cases and 960 controls in the discovery stage (15) . To identify further genetic determinants for severe myopia, we conducted a meta-analysis of four genome-wide association studies across four independent Asian collections enrolled from mainland China, Hong Kong, Japan and Singapore (Table 1) . The collections from China and Hong Kong have been described in prior publications. Altogether, these total 1603 severe myopia cases and 3427 emmetropic controls. Replication experiments were conducted in a further 1241 severe myopia cases and 3559 controls from Hong Kong, Japan and Singapore.
RESULTS
After stringent quality control filters on samples and SNPs (see Materials and Methods), a total of 494 215 SNPs (see Supplementary Material for summary statistics of the complete GWAS dataset) were observed to be successfully genotyped in two or more sample collections, and 250 531 SNPs were found common across all four study collections. Statistical associations between each SNP genotype and severe myopia were measured using logistic regression, modeling for a trend per-copy effect of the minor allele. A quantile-quantile (QQ) plot of the P-values obtained from the four-collection meta-analysis showed low evidence of genomic inflation of the association test statistics (l gc ¼ 1.057), giving minimal evidence of cryptic population stratification or differential genotyping success rates between cases and controls which could confound the association results. Observed against this background was several point P-values showing extreme deviation at the tail end of the QQ distribution. These data points could represent true positive associations with severe myopia, and reflected two distinct genetic loci (P , Fig. S4 ), which is located within the same linkage disequilibrium region as the three SNP markers recently described as strongly associated with severe myopia (15) .
A power calculation based on a per-allele OR of between 1.20 and 1.30 (due to the winner's curse phenomenon), minor allele frequency between 0.20 and 0.30, and a replication sample size of 1232 severe myopia cases and 3559 emmetropic controls showed that only SNPs surpassing P ¼ 1 × 10 27 in the GWAS discovery stage would be sufficiently powered to achieve genome-wide significance upon meta-analysis should the effect be a true positive (Supplementary Material, Table S1 ). Based on these estimations, we proceeded to conduct replication experiments of both SNPs in a further 1232 severe myopia cases and 3559 emmetropic controls enrolled across three countries (Table 1 ). Both SNP markers showed significant evidence of replication ( Fig. 1A and B, Supplementary Material, Table S2a and b), with minimal to no heterogeneity across the three study collections (0% ≤ I 2 index , 25%). Meta-analyzing data from all seven collections, we note genome-wide significant association with severe myopia (P ¼ 5.79 × 10 210 , per-allele OR ¼ 1.26 for rs13382811 and P ¼ 2.01 × 10
29
, per-allele OR ¼ 0.79 for rs6469937) for both SNP markers, again with no evidence of inter-collection heterogeneity.
Differential gene expressions for ZEB2 and SNTB1 from the tissues of myopic (with SE , 25.0 D) and fellow non-occluded eyes of the experimental mice were compared with age-matched control tissues (Fig. 2) . The mRNA levels of ZEB2 and SNTB1 were significantly downregulated in myopic retina/RPE compared with naive control retina/RPE and this was upregulated in the myopic sclera. Fold change for ZEB2 in retina/RPE/sclera 23.1/27.8/2; P ¼ 0.00004; P ¼ 0.0002 and P ¼ 0.0003, respectively. Fold change for SNTB1 in retina/RPE/sclera 25.6/222/ 17.4; P ¼ 0.0001; P ¼ 0.0008 and P ¼ 0.00006, respectively.
We performed additional analysis assessing for association within the current severe myopia dataset for previously reported severe myopia loci (Supplementary Material, Table S3 ), as well as previously reported loci influencing SE (Supplementary Material, Table S4 ) identified via the GWAS approach. All SNP markers showing evidence of association surpassing P , 1 × 10 24 in the GWAS meta-analysis discovery stage are shown in Supplementary Material, Table S5 .
DISCUSSION
Severe myopia is much more extreme phenotype compared with common myopia (defined as SE , 20.5 D) and the study of individuals at the more severe end of the quantitative phenotype spectrum has documented usefulness (17, 18) . Furthermore, severe myopia can cause significant visual impairment via myopic macular degeneration, retinal detachment and glaucoma. Severe myopia is more common in East Asians, affecting 5 -10% of persons 40 years and older. In an attempt to minimize spurious associations due to population stratification or environmental effects (as .70% Asians are myopic to some degree), we utilized emmetropic adults (20.5 D , SE , +1.0 D) as far as possible, adjusted for genetic stratification, and included multiple populations in the study design. Also, we only considered markers showing low inter-cohort heterogeneity, in order to avoid genotyping artifacts driven by specific sample collections. This current study in 2844 severe myopia cases and 6986 controls identified ZFHX1B as a new susceptibility locus for severe myopia, and confirmed a recent observation at SNTB1 where the minor allele of several SNP markers were significantly associated with decreased susceptibility towards severe myopia.
Many different experimental animal models (chick, rabbit, tree shrew, macaque and tree shrew) (19, 20) had been used for the studies of emmetropization and myopia generation. These animal models were used to characterize the optical parameters of and study the mechanisms of induced myopia (21) . Studies of the chick eye have formed the basis for several hypotheses of myopic development, but the chick does not possess a fovea or retinal blood supply. It is thus unclear whether these differences alter the pathways of emmetropization. Even closely related primate species can exhibit different responses to form deprivation conditions, suggesting differing mechanisms of eye growth control. Monocular occlusion of the rhesus macaque, for instance, results in myopia when the ciliary muscle is paralyzed or the optic nerve cut, but does not in the stump tailed macaque, suggesting a role of excessive accommodation in the development of myopia in the stump tail but not the rhesus.
Given such variability in the models, a persisting element of continued myopia research must be an evaluation of the relevance of any given model to the human condition. In this regard, the study of changing patterns of gene expression within and among species during emmetropization and myopic progression may offer a productive avenue for future research. Experimental myopia has been induced in the mouse by us and others (22 -24) . The mouse myopia model was developed and assayed because of the availability of the whole-genome sequence, comprehensive protein database and more importantly, the availability of molecular tools like whole-genome gene chip. With our mouse models and noninvasive methods for measuring and monitoring axial length, we were able to monitor the progress of myopia in the same animal without the need to sacrifice it.
ZFHX1B encodes for Zinc finger E-box-binding homeobox 2, also known as SMAD-interacting protein-1 (SMADIP1). It functions as a transcriptional co-repressor involved in the transforming growth factor-b (TGF-b) signaling pathway, and has also been implicated in Mowat -Wilson syndrome (25, 26) . Members of this TGF-b signaling pathway, such as BMP2 and BMP3, have only recently been implicated in a large multiethnic GWAS (N . 45 000) as quantitative trait loci for SE (27) . Notably, multiple genes encoding for zinc finger proteins (including ZIC2 (27), ZC3H11B (28) and ZNF644 (29)) have been shown to associate with refractive error in recent GWAS and exome sequencing studies. Mowat -Wilson syndrome is a genetic condition that could affect multiple distinct parts of the body. Common manifestations of this disorder frequently include characteristic facial features, intellectual disability, delayed development, Hirschsprung disease and other associated birth defects. This syndrome is often associated with an unusually small head (microcephaly), structural brain abnormalities and intellectual disability ranging from moderate to severe. Although ocular disorders are not particularly pronounced in patients with Mowat -Wilson syndrome apart from wide-set eyes, DNA sequencing experiments performed on a patient presenting with Down syndrome, Hirschsprung disease, high myopia and ocular coloboma revealed a non-synonymous amino acid substitution (953Arg Gly) which was not present in 200 matched normal chromosomes (30) . This significant association observed between natural genetic variation within ZFHX1B and severe myopia is thus in keeping with current knowledge on the biological pathways for refractive errors. The second locus, SNTB1, has only been recently described as a susceptibility locus for severe myopia [15] . It encodes for Beta-1 syntrophin. The Syntrophin family of proteins associate with ion channel and signaling proteins of the dystrophinassociated protein complex. Syntrophins have a diverse role of acting as molecular adaptors for many cellular signaling pathways (31, 32) . Beta-1 syntrophin, one of the homologous isoforms, has been implicated in the regulation of ABCA1 protein levels in human fibroblast cell lines (33) .
We were able to show nominal evidence of association (0.001 , P , 0.05) at some of the previously reported GWAS loci for high myopia, namely CTNND2, MIPEP-C1QTNF9B on Chromosome 13q12 and VIPR2 (Supplementary Material, Table S1 ). For the previously reported SE loci, we could observe this level of association at directly genotyped SNPs found at Chromosome 15q14 and 15q25, which were the first SE loci identified via GWAS. The allele associated with (8, 9) was also found to be associated with the increased risk of severe myopia in this current study. In summary, our GWAS on seven independent sample collections of East Asians (five Chinese and two Japanese) identify ZFHX1B as a new susceptibility locus for severe myopia. It offers new information into the pathogenesis of severe myopia in Chinese and Japanese, and further implicates the TGF-b biological pathway as an important determinant of severe extreme of refractive error disorders.
MATERIALS AND METHODS

Samples for GWAS stage
Details of the GWAS from Sichuan (419 severe myopia cases and 669 emmetropic controls) and Hong Kong (232 severe myopia cases and 244 emmetropic controls) have been described elsewhere (15, 16) . The 452 severe myopia cases from Singapore are of Chinese descent, and were enrolled from the SCORM, SP2 and SCES collection. The emmetropic controls were enrolled from the same studies. For Japan, a total of 500 severe myopia cases with axial length ≥28 mm in both eyes and 1194 controls were enrolled for this study.
Sample for replication stage
We enrolled a further 1232 severe myopia cases and 3559 controls from Hong Kong, Japan and Singapore.
Hong Kong A total of 338 unrelated individuals with severe myopia (refractive error in at least one eye ≤ 26 D and axial length in at least one eye ≥26 mm) and 422 unrelated emmetropic control individuals were recruited from the CUHK Eye Centre (Chinese University of Hong Kong), Hong Kong Eye Hospital and the eye clinics of the Prince of Wales Hospital, Hong Kong. As 232 severe myopia cases and 244 emmetropic controls have undergone GWAS genotyping and were included in the discovery stage, there remained 106 severe myopia cases and 178 emmetropic controls for the replication stage.
Japan
The 728 individuals with severe myopia (axial length ≥26 mm in both eyes) were recruited from Kyoto University Hospital, and Tokyo Medical and Dental University Hospital. For the controls, we used 3248 unrelated individuals recruited from the Nagahama Prospective Genome Cohort for the Comprehensive Human Bioscience (The Nagahama Study).
Singapore
A total of 407 individuals with severe myopia and 133 emmetrophic controls were volunteers recruited by DSO National Laboratories from military personnel. The severe myopia has spherically equivalent refractive error of at least 26 D in either eye. All subjects were of self-declared Chinese ancestry (all four grandparents), with an age range of between 16 and 25 years.
Genotyping and quality checks
Genome-wide genotyping for the Sichuan (China) and Hong Kong sample collections were performed as previously described (15) . The Japanese severe myopia cases were genotyped using the Illumina 550K and 660 W Bead chips, whilst the Japanese controls were genotyped using the Illumina 610K Bead chip. The Singaporean severe myopia collections were genotyped using the Illumina 610K platform according to manufacturer's instructions. Post-genotyping quality checks were conducted on a per-SNP and per-sample basis. SNP markers showing any one of these characteristics were removed from further analysis: (i) call rate , 95%, (ii) minor allele frequency , 1% and (iii) significant deviation from Hardy -Weinberg equilibrium (P , 10
26
).
Samples showing any of the following characteristics were removed from further analysis:
(i) call rate , 95%, (ii) extremes of heterozygosity, (iii) significant ancestral outlier on principal component analysis (PCA) and (iv) first degree relatives in which case the sample with the lower call rate within the pair would be excluded.
Replication genotyping was performed using the Taqman allelic discrimination assay (Applied Biosystems) according to maufacturer's instructions in all three sample collections.
Statistical analysis
Statistical analyses were conducted using PLINK version 1.07 (34) and the R statistical software package (http://www.r-p roject.org/). SNP association analysis with severe myopia was performed using logistic regression testing for a trend per-copy of the minor allele, within a multiplicative model for the OR. Additional adjustments compensating for the significant axes of genetic stratification were also performed, when data are available (e.g. in the GWAS stage). PCA and quantile-quantile distributions were plotted using the R statistical software package. PCA assessing for genetic stratification was performed using EIGENSTRAT, and has been described previously for the Chinese (Sichuan) and Hong Kong collections (15, 16) 
Differential gene expression in a mouse model of myopia
Experimental myopia was induced in B6 wild-type mice (n ¼ 36) by applying a 215.00 D spectacle lens on the right eye (experimental eye) for 6 weeks since post-natal Day 10. The left eyes were uncovered and served as contra-lateral fellow eyes. Age-matched naive mice eyes were used as independent control eyes (n ¼ 36). Eye biometry, refraction and data analysis were followed as described previously (22, 35) .
We used quantitative real-time PCR (qRT-PCR) to validate the gene expression. Tissue collection, RNA extraction, qRT-PCR methods and analysis were followed as described previously (28) . qRT-PCR primers were designed using Probe Transcription quantification of ZEB2 and SNTB1 in mouse retina, RPE and sclera in induced myopic eyes, fellow eyes and independent control eyes. (transcription quantification of ZEB2 and SNTB1 in mouse retina, RPE and sclera in induced myopic eyes, fellow eyes and independent control eyes. Myopia was induced using 215 D negative lenses in the right eye of mice for 6 weeks. Uncovered left eyes were served as fellow eyes and age-matched naive mice eyes were controls. Quantification of mRNA expression in mice retina, RPE and sclera is via qRT-PCR. The bar represents the fold changes of mRNA for ZEB2 and SNTB1 genes after normalization using GAPDH as reference. The mRNA levels of ZEB2 and SNTB1 in myopic and fellow retina, RPE and sclera are compared with independent controls).
